Abstract. Ischemia-reperfusion is a common injury of clinical ischemic disease and surgical lesions. Ischemic postconditioning (IPO) improves the ability of organs subjected to ischemia to tolerate injury. However, renal IPO studies have been based on animal models. In order to gain insights into IPO-induced alterations at the cellular level, an in vitro model for IPO was designed using the rat proximal tubular cell line NRK-52E. This model was established by placing NRK-52E cells in ischemic conditions for 3 h, then exposing cells to three cycles of reperfusion for 10 min and finally to ischemic conditions for 10 min (postconditioning). The cells were cultured further in reperfusion conditions for 3, 6, 12 and 24 h. Flow cytometry and Hoechst were used to assess apoptosis. The protein expression of B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax), caspase-3, cleaved caspase-3 and caspase-8 were analyzed by western blotting. The results demonstrated that apoptosis occurred in cells subjected to ischemia/reperfusion (I/R) alone or with postconditioning following reperfusion for 24 h. Cells subjected to I/R demonstrated increased expression of Bax, cleaved caspase-3 and caspase-8 at the end of reperfusion. However, the levels of Bax, cleaved caspase-3 and caspase-8 were significantly attenuated in cells, which had undergone IPO. In conclusion, apoptosis was observed in cells subjected to 3 h of ischemia-reperfusion injury and IPO was able to inhibit this apoptosis. IPO inhibited apoptosis by inhibiting the caspase pathway thereby exerting protective effects.
Introduction
One of the major causes of acute renal failure (ARF) is ischemia, which occurs in kidney transplantation, partial nephrectomy, renal artery angioplasty, sepsis, accidental or iatrogenic trauma, hydronephrosis, elective urological operations, aortic bypass surgery, cardiopulmonary bypass, the use of vasoconstricting drugs and certain hypotensive states (1, 2) . ARF has a high incidence in intensive care units, representing an isolated prognostic factor in patients with multiple organ dysfunction syndrome (3) . The clinical significance of ARF is due to its high mortality, which ranges between 30 and 70% (4) . Thus, novel therapies are required to prevent or alleviate ischemic injury.
Previous studies have demonstrated that ischemic preconditioning (IPR) and ischemic postconditioning (IPO) are two important mechanical methods, which are able to improve the ability of organs subjected to ischemia to tolerate injury (5, 6) . Although IPR is effective at reducing ischemia-reperfusion injury (IRI), its clinical application is limited as it must be initiated prior to the ischemic period, which is unreasonable in a clinical situation. IPO is a series of brief rapid intermittent cycles of ischemia applied at the onset of reperfusion in the previously ischemic tissue or organ (7) . Several studies have demonstrated that IPO was able to cause a significant reduction in the systemic inflammatory response, inhibit the expression of apoptosis-associated molecules and activate endogenous protective molecules (8) (9) (10) . In renal IPO studies, major studies were based on animal models, including our earlier studies using rat or canine models (11, 12) . However, to the best of our knowledge, an in vitro postconditioning model, which is able to effectively simulate the process of IPO against IRI in the kidney, has not yet been investigated. Based on a study using an in vitro model for ischemia and reperfusion (13) , a novel IPO model, which simulates IPO in the kidney was developed in the present study using a rat proximal tubular cell line (NRK-52E cells). In addition, the molecular mechanism involved in in vitro IPO of renal tubular epithelial cells was analyzed.
Materials and methods
Cell culture. The renal tubular epithelial cell line, NRK-52E, was purchased from the Cell Resource Center of the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). The cells were cultured on culture dishes with 5% CO 2 and maintained at pH 7.4 and 37˚C. The medium was changed once every 3 days and the cells were used for experiments at day 10 after seeding. Cells were cultured in serum-free medium for 24 h prior to the experiments. Cells were seeded on 6-well plates or culture dishes as appropriate.
In vitro IPO model. Prior to the experiment, the cells were placed in serum-free medium for 24 h. Subsequently, all cell culture dishes were randomly divided into nine groups (Fig. 1) . For the normal group, the cells were cultured in complete medium under normal conditions (5% CO 2 , saturated humidity and 37˚C) and 3 h later fresh medium was added and cultured under the same conditions for 24 h. For the control group, the cells were cultured in control buffer (NaHCO 3 24.0 mM, Na 2 HPO 4 0.8 mM, NaH 2 PO 4 0.2 mM, NaCl 86.5 mM, KCl 5.4 mM, CaCl 2 1.2 mM, MgCl 2 0.8 mM, HEPES 20 mM and 5 mM glucose; pH adjustment to 7.4 with 1 N NaOH) (13) for 3 h and further cultured in complete medium for 24 h. The cells in the ischemia/reperfusion (I/R) group were washed with phosphate-buffered saline (PBS; Gibco Life Technologies, Carlsbad, CA, USA) and placed in ischemic buffer (NaHCO 3 4.5 mM, Na 2 HPO 4 0.8 mM, NaH 2 PO 4 0.2 mM, NaCl 106.0 mM, KCl 5.4 mM, CaCl 2 1.2 mM, MgCl 2 0.8 mM and morpholinoethanesulfonic acid 20 mM; pH 6.6) (13), and exposed to ischemic conditions (5% CO 2 , 0.5% O 2 , saturated humidity and 37˚C) using a tri-gas incubator for 3 h. Subsequently, the cells were placed into the complete medium under normal conditions representing the reperfusion period for 24 h. With respect to the group simulating IPO, there were two approaches: i) Cells were placed in the ischemic buffer and cultured under hypoxic conditions for 3 h and cultured further in complete medium under normal conditions for 10 min. This was followed by placing cells into ischemic buffer and then growing them in ischemic conditions for 10 min. Thus, cells that had undergone one cycle of IPO were termed the IPO1 group. Cells undergoing two or three cycles were termed the IPO2 group and IPO3 group, respectively. Following this, cells were cultured in complete medium under normal conditions for 24 h. ii) Cells were placed in ischemic buffer and cultured under mimic ischemic conditions for 3 h. Subsequently, the complete medium was added and the cells were grown under normal conditions for 10 min. The medium was not replaced with buffer and was directly exposed to ischemic conditions for 10 min. Cells undergoing one cycle were termed the IPO1+ group. According to this, cells undergoing two or three cycles were termed the IPO2+ group and IPO3+ group, respectively. Cells were further placed in complete medium and cultured under normal conditions for 24 h.
Analysis of apoptosis by flow cytometry. For analysis of apoptosis, 5x10
5 NRK-52E cells were cultured on a 6-well plate containing 2 ml serum-free medium. After 24 h, all cells were processed in accordance with the above grouping. NRK-52E cells were collected 24 h post-treatment and stained with fluorescein isothiocyanate (FITC)-conjugated annexin V and propidium iodide (PI) according to the manufacturer's instructions of the apoptosis detection kit (Annexin V/PI Apoptosis kit; Liankebio, Hangzhou, China). Flow cytometry was performed for analysis of apoptosis (FACSAria; BD Biosciences, Heidelberg, Germany).
Hoechst 33258 staining. In order to distinguish apoptotic cells from necrotic cells, the cells were stained with Hoechst 33258. The cells from different groups were fixed using Carnoy's fixative (Beyotime Institute of Biotechnology, Haimen, China) for 10 min. Cells were washed with PBS (pH 7.4), stained with Hoechst 33258 (10 µg/ml) for 5 min at room temperature and microscopically examined (BX-53F; Olympus Corporation, Tokyo, Japan).
Western blot analysis. The protein expression levels of B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax) caspase-3, caspase-8 and cleaved caspase-3 were examined by western blotting. Briefly, proteins were extracted from NRK-52E cells, separated on 10% SDS-PAGE gels and transferred onto a nitrocellulose membrane (Novex, San Diego, CA, USA). The membranes were blocked with 5% non-fat milk in Tris-buffered saline (Boster Biological Technology, Ltd., Wuhan, China) and Tween 20 buffer (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and incubated with the following rabbit primary antibodies: Bax (1:1,000; cat. no. 2772, Cell Signaling Technology, Figure 1 . Experimental procedure used to determine the effect of IPO following I/R in an in vitro model. Normal, normal condition culture; control, cells cultured in control medium followed by reperfusion; I/R, cells cultured in ischemic conditions followed by reperfusion; IPO, cells cultured in ischemic conditions for 3 h, then replaced with complete medium and cultured under normal conditions for 10 min, followed by placing cells in ischemic conditions for 10 min. IPO1 group, one cycle of IPO; IPO2, two cycles of IPO; IPO3, three cycles of IPO. IPO+, cells cultured under mimic ischemic conditions for 3 h. The ischemic buffer was not changed and another 0.5 ml fresh complete medium was added. The cells were grown under normal conditions for 10 min. Following this, the cells were exposed to ischemic conditions for 10 min without changing the mixed medium. IPO1+, one cycle of IPO+; IPO2+, two cycles of IPO+; IPO3+, three cycles of IPO+. I, ischemia; R, reperfusion; IPO, ischemic postconditioning.
Inc., Danvers, MA, USA), Bcl-2 (1:1,000; cat. no. 3498, Cell Signaling Technology, Inc.), caspase-3 (1:1,000; cat. no. 9662, Cell Signaling Technology, Inc.), cleaved caspase-8 (1:1,000; cat. no. 9429, Cell Signaling Technology, Inc.) and cleaved-caspase 3 (1:1,000; cat. no. 9661, Cell Signaling Technology, Inc.). All of the primary antibodies were polyclonal, except for the antibody targeting Bcl-2, which was monoclonal. Subsequently, the membranes were incubated with secondary horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:2,000; ZDR-5306; ZSGB-BIO, Beijing, China). Specific bands were developed and visualized using an enhanced chemiluminescence detection kit (Immobilon Western Chemiluminescent HRP Substrate; Merck Millipore, Darmstadt, Germany).
Statistical analysis.
All experiments were repeated in triplicate. Data are presented as the mean ± standard error of the mean. For determining the number of apoptotic cells, the groups were compared using one-way analysis of variance and Student-Newman-Keuls test. P<0.05 was considered to indicate a statistically significant difference. All the statistical tests were performed using GraphPad Prism software version 5.0 (GraphPad Software, Inc., San Diego, CA, USA).
Results
Apoptotic level in NRK-52E cells following postconditioning. NRK-52E cells subjected to serum starvation were treated in accordance with the grouping described earlier.
After 24 h of culture, NRK-52E were collected and stained with FITC-conjugated annexin V and propidium iodide for detecting apoptosis. As shown in Fig. 2 , the rate of apoptosis in the control group was significantly lower than in the I/R, IPO1, 
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IPO2, IPO3 and IPO1+ groups (P<0.05). Compared with the IPO2+ and IPO3+ group, the rate of apoptosis in the I/R, IPO1 and IPO2 groups was significantly higher (P<0.05). In addition, a significant difference between the IPO3 and IPO3+ group (P<0.05) was observed. As the apoptotic rate of the IPO3+ group was lower than in other postconditioning groups, this indicated that this group was the most effective at reducing IRI. Therefore, in the following experiments, the IPO3+ group was the only post-processing method investigated.
As shown in Fig. 3 , hoechst 33258 staining revealed that the nuclear chromatin was affected. In the control group, faint blue fluorescence was observed in the cell nuclei, which were homogenous. In the I/R group, the blue emission was significantly brighter than in the control group. In I/R cells, condensed chromatin was visible and the formation of apoptotic bodies was observed. Compared with the I/R group, the bright blue emission in the IPO3+ group was clearly attenuated, suggesting that postconditioning was able to ameliorate the injury caused by I/R.
Expression level of apoptotic proteins in NRK-52E cells due to postconditioning.
The protein expression levels of Bax, Bcl-2, pro-caspase-3, caspase-8 and cleaved caspase were examined by western blotting (Figs. 4 and 5) . The expression of Bcl-2, a crucial inhibitor of the apoptotic process was upregulated in the IPO3+ group, when compared with the control group and I/R group. In addition, with the increase in postconditioning time, the expression of Bcl-2 was increased in the IPO3+ group. Cleaved caspase-3, which is the activated product of pro-caspase-3, has catalytic activity in cell apoptosis. Western blot analysis demonstrated a significant increase in cleaved caspase-3 in the I/R group compared with the control group and with increases in time this trend continued. In the IPO3+ group, the levels of cleaved caspase-3 were clearly restored compared with those in the I/R group. The expression of pro-caspase-3 was decreased in the I/R group and restored in the IPO3+ group. Caspase-8, known to be involved in apoptosis, was significantly increased in the I/R and IPO3+ groups. However, the protein level of caspase-8 was significantly lower in the IPO3+ group compared with the I/R group.
Discussion
IPO, which was first reported by Zhao, has been demonstrated to be an effective strategy against IRI (14) . Previous studies have focused on observing the protective effect of IPO on IRI in vivo. However, few studies have focused on this effect in in vitro conditions. Although it is not possible to use an in vitro model to create an accurate replica of the in vivo environment, in vitro models have several advantages over in vivo as they provide an environment where the specific Figure 4 . Expression of Bcl-2 and Bax following IPO. The effects of IPO on Bcl-2 and Bax expression in the NRK-52E cells, which were subjected to three cycles of 10 min reperfusion/10 min ischemia for postconditioning. I/R injury increased the expression of Bax and decreased the expression of Bcl-2. However, the alterations induced by I/R injury were opposite in the IPO group. IPO, ischemic postconditioning; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; I/R, ischemia/reperfusion. Figure 5 . Expression of apoptotic proteins following IPO. The effects of IPO on caspase-3, cleaved caspase-3 and caspase-8 expression in the NRK-52E cells, which were subjected to three cycles of 10 min reperfusion/10 min ischemia for postconditioning. I/R injury increased the expression of cleaved caspase-3 and caspase-8 after 24 h, and decreased the expression of caspase-3. However, the alterations induced by I/R injury were opposite in the IPO group. IPO, ischemic postconditioning; I/R, ischemia/reperfusion. stimuli can be controlled, isolated and assessed to determine their contribution and effect on physiological or pathophysiological events (15) . Thus, in the present study, an in vitro postconditioning model was created, which was as close to the in vivo IPO pathophysiological environment as possible, using a rat proximal tubular cell line (NRK-52E cells) based on the model used by Sauvant et al (13) . In this model, all cellular injury caused by reperfusion, including 'hypoxia, hypercapnia induced acidosis, limited nutrient availability and waste removal impairment' were taken into account.
Previous studies have established an in vitro model to simulate the ischemic environment, one of them using NRK-52E cells with mineral oil overlay (16, 17) . Although this method was able to approximately establish an in vitro model of ischemia, the accuracy of simulation of the ischemic environment was not effective and the protective effect of postconditioning for ischemia was not able to be investigated. A simple model of hypoxia and reoxygenation can be used to simulate cells in IRI (18, 19) . Nutrients and oxygen deprived/ regeneration of the normal culture atmosphere system could simulate ischemia-reperfusion (20, 21) . However, in the present study, two different methods were used to create an in vitro model of ischemia and postconditioning and were compared.
There were two methods to achieve the postconditioning process in the present study. For one approach, following the completion of the pretreatment (24 h serum starvation and 3 h mimic ischemia), 1 ml of complete medium was replaced at each time point during the ischemia-reperfusion cycle. This postconditioning method had certain effects on reducing cell damage and inhibiting cell apoptosis, and compared with the normal group, a significant difference in the apoptotic rate (P<0.05) was observed. For the second approach, following the completion of the pretreatment (24 h serum starvation and 3 h mimic ischemia), the consumed medium was not removed and 0.5 ml fresh medium was added to the dish at each reperfusion cycle. Flow cytometric analysis results indicated that the rate of apoptosis in the IPO+ group was lower than in the IPO group and a significant difference between the IPO3 and IPO3+ group (P<0.05) was observed. This suggested that the IPO+ treatment methods were superior to the IPO approach and the IPO3+ group was selected as the postconditioning group for Hoechst and western blot analysis. The result of Hoechst staining indicated that the IPO3+ group was able to effectively reduce the damage caused by ischemia and reperfusion.
The proteins of the Bcl-2 family, which are crucial regulatory factors, can either promote cell survival, for example Bcl-2, or cell death, for example Bax, by apoptosis (22) (23) (24) . Increased Bcl-2 can enhance cell survival and evidence indicates that the increased level of Bcl-2 exerts protective effects against apoptosis (25) . However, Bax, a key regulator of programmed cell death, is an apoptotic protein and acts by activating caspases (26) . The ratio of Bcl-2 to Bax determines the cellular susceptibility to apoptotic stimuli (26) (27) (28) (29) (30) . The present study found that, as the expression of Bcl-2 gradually increased and Bax gradually decreased, the ratio of the expression of Bcl-2 with Bax was increased in the IPO3+ group compared with the control group and I/R group demonstrating an increased resistance to apoptosis. In addition, with increasing time, this trend became more apparent.
It indicated that the postconditioning method in the IPO3+ group was able to inhibit the apoptotic process in NRK-52E cells subjected to simulative ischemia.
Several studies have demonstrated that the caspase family is able to promote and implement cell apoptosis in mammalian cells and caspase-3 is the most crucial downstream apoptotic protease in the caspase cascade (31, 32) . A number of extracellular signals activate caspase-8 through the Fas receptor pathway and the activation of caspase-8 then promotes caspase-3 activation, which hydrolyzes cell-specific proteins, and poly-ADP ribose polymerase, thus inducing apoptosis (33, 34) . Pro-caspase-3 itself does not have catalytic activity and it divides into two fragments in the activation process to produce the active form of caspase-3. In the present study, the expression of caspase-3 and caspase-8 was examined by western blot analysis. The result of cleaved caspase-3 and caspase-8 demonstrated a significant decrease in the IPO3+ group compared with the I/R group. In addition, with increasing time this trend became more apparent. In the IPO3+ group subjected to 24 h of culture following postconditioning, the expression of cleaved caspase-3 and caspase-8 decreased. This indicated that this postconditioning method was able to inhibit the activation of the caspase pathway in NRK-52E cells subjected to simulated ischemia.
In in vivo conditions, the process of IPO involves repeated renal artery occlusion and opening. The metabolism of the ischemic organ and the nutrient supply are slowly restored to pre-ischemic levels, which are the essence of IPO. In ex vivo conditions in the present study, 0.5 ml fresh complete medium was added into the ischemic buffer three times, which leads to gradual restoration of pre-ischemic levels in the extracellular environments (oxygen, PH, nutrient, waste removal impairment) and thus mimic the process of IPO in vivo. However, the duration of protective effects of IPO and the exact number of optimal intervals and cycles remain to be elucidated. In addition, in vitro models do not fully represent in vivo conditions. Therefore, more studies are required to investigate this further.
In the present study, an in vitro postconditioning model was established, which was able to effectively simulate the process of IPO against IRI in the kidney. In this model, cells were effectively protected from IRI by IPO. Furthermore, this protection was achieved by inhibiting caspase activation, thereby reducing cell apoptosis. In conclusion, IPO of NRK-52E cells in vitro offers a potentially valuable strategy to investigate the protective mechanism of IPO against IRI.
